Sea cucumber is a "healthy" food. Although previous studies have suggested that sea cucumber might serve as a potential rich source of polyunsaturated fatty acids (PUFAs) enriched phospholipid (PL), the molecular species of its PL has rarely been reported. In this study, some 200 glycerophospholipid (GP) species belonging to seven classes in processing by-products (spawns and intestines) of sea cucumber (Stichopus japonicus) were characterized for the first time. Most of the dominant GP species contained PUFAs, especially eicosapentaenoic acid (EPA, 20:5n-3) and arachidonic acid (AA, C20:4n-6). Meanwhile, the lipids contained high levels of PUFA (25.35-45.12% of total FAs) and polar lipid (65.55-85.95% of total lipids) but low levels of cholesterol (0.63-2.26% of total lipids). Among PL, phosphatidylcholine (38.34-65.56 mol%) was dominant. Therefore, PUFA enriched PL in sea cucumber may account for their nutritional and health beneficial effects. Meanwhile, by-products of Stichopus japonicus byproducts provide great potential as health-promoting food ingredients.
Introduction
Sea cucumber, an echinoderm, is one of the important aquatic species that is widely cultured and captured in China and many other Asian countries due to its high commercial value (Han et al., 2016) . According to the 2015 statistics of Food and Agriculture Organization (FAO) of the United Nations, the total world production of sea cucumber was about 250 thousand tons (FAO, 2015) . Sea cucumber is mainly consumed by Asian countries such as China, Korea, Japan, Vietnam, and Singapore as a delicacy, or a natural medicine (Han et al., 2016; Khotimchenko, 2015) . During the processing of sea cucumber, internal organs, such as spawns and intestines, are discarded as byproducts. To reduce the burden on the environment and enhance their value, effective utilization of sea cucumber by-products is required.
Lipid is a type of important health-beneficial component in sea cucumber because of its abundant in health-beneficial polyunsaturated fatty acids (PUFAs) especially eicosapentaenoic acid (EPA, and arachidonic acid (AA, C20:4n-6) (Bechtel et al., 2013; Gao et al., 2016; Kasai, 2003) . Meanwhile, lipids in Zhou et al.
Molecular species of glycerophospholipids of sea cucumber sea cucumber tissues are also rich in phospholipids (PLs) (more than 40% of total lipids) (Drazen et al., 2008; Lou et al, 2012; Vaidya et al., 2014) . A study by Lou et al. (2012) indicated that the phosphatidylcholine (PC) and phosphatidylethanolamine (PE) isolated from sea cucumber body wall contained a high percentage of PUFAs, in particular EPA and AA. Kostetsky et al. (2014) have characterized 25 species of glycerophosphocholine (GPCho) and 26 species of glycerophosphoethanolamine (GPEtn) from sea cucumber Apostichopus japonicus muscle tissues. Among them, the molecular species containing PUFA such as 20:4 and 20:5 were predominant. Lately, the PL form of n-3 LC-PUFA have captured increasing consumer interest because PL are supposed to be highly effective in delivering their FA residues for incorporation into the membranes and altering the FA composition of membrane PLs within a certain cell type (Küllenberg et al., 2012) . Therefore, oral supplementation of PL carrying n-3 PUFAs may contribute to higher health benefits of those who consume them. As described above, sea cucumber might serve as a potential rich source of PL enriched PUFA, and then provide great potential as health-promoting food ingredients. However, the fate of FA at sn-1/sn-2 position of oral PL in vivo is different. In the intestinal lumen, dietary PL is cleaved into 1-lysophospholipid and FFA by activated pancreatic phospholipase A 2 (Iqbal and Hussain, 2009; Phan and Tso, 2001) . The resulting FFA is mainly re-synthesized into TAG whereas 1-lysophospholipid is mainly re-synthesized into PL before they are being transferred into the lymph and the blood (Cohn et al., 2008) . Therefore, the determination of molecular species of GP may further reveal the heath-beneficial effects of PL-containing PUFA. So far, the GP molecular species in by-products of sea cucumber, as well as the GP molecular species other than GPCho and GPEtn in sea cucumber body wall have never been reported yet.
Sea cucumber Stichopus japonicus are the most common species widely cultured in China and Japan. Hence, the aim of this study was to determine the lipid content, lipid classes, PL classes, fatty acid composition and GP molecular species belong to seven classes including GPCho, GPEtn, glycerophosphoserine (GPSer), glycerophosphoinositol (GPIns), lysoglycerophosphocholine (LGPCho), lysoglycerophosphoethanolamine (LGPEtn) and lysoglycerophosphoserine (LGPSer) in body wall, spawns and intestines of sea cucumber Stichopus japonicus. This will help better understanding of health benefits of consumption of sea cucumber, as well as to provide theoretical basis for utilization of the processing by-products from sea cucumbers as novel sources of functional food ingredients.
Materials and methods

Materials
Sea cucumbers (Stichopus japonicus) were purchased from a local market in Dalian, Liaoning, China. Upon arrival, sea cucumbers were dissected and the body wall was collected for further experiment. Stichopus japonicus spawns and intestines were provided by Dalian Bangchuidao Seafood Co., LTD (Dalian, China). The samples were lyophilized in a freeze-dryer (2KBTES-55, VirTis Co., Gardiner, NY, USA) for 72 h, crushed into powder and stored at -30 °C until use. Deuterated chloroform (CDCl 3 ) and methanol (MeOD), triethyl phosphate (TEP), cesium carbonate (CsCO 3 ) and D 2 O were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). All other reagents were of analytical grade and purchased from Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).
Lipid extraction and sample preparation
Total lipids were extracted from body wall, spawns and intestines of sea cucumber (Stichopus japonicus) by using the methyl tert-butyl ether (MTBE) method with slight modification (Matyash et al., 2008) . First, 10 g powder sample were weighed and transferred to a 250 ml conical flask. Then a mixture of methanol (15 ml) and MTBE (50 ml) was added to the conical flask. After being stirred for 60 min at 30 °C, 12.5 ml of deionized water was added to the mixture. Shaking the flask to fully mix the samples, then the mixture was transferred to centrifuge tub and centrifuged at 7,800 g for 10 min at 4 °C. The organic layer was subsequently transferred to a glass sample bottle and the rest was re-extracted according to the aforementioned procedure. Finally, the organic layers were combined and concentrated to dryness with using a stream of nitrogen at 35 °C. The recovered lipids were stored at -30 °C for further analysis within 2 weeks.
Determination of lipid class composition
The determination of lipid classes was achieved by using an Iatroscan MK-6S thin layer chromatography-flame ionization detection (TLC-FID) Analyzer (Iatron Inc., Tokyo, Japan), according to Yin et al. (2015) .
Determination of fatty acid composition
FA compositions were determined by using an Agilent 7890A GC-5975C MSD (Agilent, Palo Alto, CA,USA) equipped with an HP-5-MS capillary column (30 m, 0.25 mm, 0.25 μm) (Agilent), according to Yin et al. (2015) .
Quantitation of PL classes by 31 P NMR
The determination of PL classes was achieved by using an Avance III 400 MHz NMR spectrometer (Bruker, Karlsruhe, Germany) (9.4 T), according to Liu et al. (2018) .
Mass spectrometer analysis of sea cucumber lipids
In this study, qualitative and quantitative analyses of PLs were carried out on an hybrid API 4000 Qtrap (AB Sciex, Foster City, CA, USA) quadrupole-linear ion trap (QqLIT) mass spectrometer (MS) with a Turbo V electrospray ionization (ESI) sourceinterface, and a computer platform equipped with HPLC-MS/MS Solution Analystsoftware 1.6.1 (AB Sciex, Foster City, CA, USA). Sea cucumber lipids were dissolved in a mixture of methanol and chloroform (1:2, v/v) with 0.1% of total solvent formic acid, filtered through a 0.22 μm membrane, and directly introduced into the ESI source though a syringe pump. The sample concentration was 50 μg/ml, and the flow rate was 5, 15, 15 and 35 μl/min, respectively, for analysis of GPCho/LGPCho, GPEtn/LGPEtn, GPSer/LGPSer and GPIns. In this study, precursor-ion scanning (PIS) and neutral loss scanning (NLS) were operated in the positive ion mode, while the enhanced product ion (EPI) scanning was operated in the negative ion mode. The instrument parameters were the same as used in our previous study (Liu et al., 2018) .
A semi-quantitative method using an internal standard was used to compare the differences in the amount of the same GP molecular species between lipids recovered from different body parts of sea cucumber as previously described (Yin et al., 2016) . In this study, Molecular species of glycerophospholipids of sea cucumber Zhou et al.
four GP standards including GPCho 12:0/12:0 (inner standard for GPCho/LGPCho), GPEtn 12:0/12:0 (inner standard for GPEtn/ LGPEtn), GPSer 12:0/12:0 (inner standard for GPSer/LGPSer) and GPIns 8:0/8:0 (inner standard for GPIns) were added to the samples as the internal standards to reach a concentration of 0.3, 0.5, 0.1 and 0.1 μg/ml, respectively, before injection for MS analysis.
Statistical analysis
The experiments were repeated for three times. Data were subjected to analysis with SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). The results were denoted as mean ± standard deviation (SD). Differences between means were evaluated by one-way analysis of variance (Student-Newman-Keuls post-hoc test) and independent sample T-test. P values of <0.05 were considered statistically significant.
Results and discussion
Lipid content
The dried sample of body wall, spawns and intestines of sea cucumber (Stichopus japonicus) contained 6.83, 16.12 and 8.42% lipids, respectively. Obviously, processing by-products (spawns and intestines) of Stichopus japonicus contained higher lipid contents than the body wall. Previous studies have also shown that the lipid contents of the gonads in male Stichopus japonicus were about twice of that in the body wall (Kasai, 2003) .
Fatty acid composition
As shown in Table 1 , unsaturated fatty acids (UFAs) such as palmitoleic acid (C16:1), oleic acid (C18:1), erucic acid (20:1), AA (C20:4 n-6), EPA (C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3) were dominant in lipids from all the three body parts of sea cucumber. Previous studies have also indicated that sea cucumber was abundant in the aforementioned FAs (Gao et al., 2016; Jing et al., 2010) . However, their values varied dramatically with different body parts. PUFAs accounted for 25.35, 37.36 and 45.12% of total FAs of lipids, respectively, in the body wall, spawns and intestines. Obviously, by-products (intestines and spawns) of Stichopus japonicus contained higher PUFA contents but a lower content of saturated fatty acids (SFA) than the body wall. Similar results were previously reported by Zadorozhnyj et al., (2016) that PUFAs accounted for 37.55, 41.92 and 43.33% of total FAs, respectively, in the body wall, gonads and intestines of sea cucumber Apostichopus japonicus. In this study, the PUFA, especially EPA (22.16-23.12% of total FAs), DHA (4.35-5.87% of total FAs) and AA (7.82-11.97% of total FAs) were found to account for the majority of total FAs of by-products from Stichopus japonicus, indicating that the byproducts may serve as potential sources of EPA, DHA and AA. The omega-3 long-chain PUFA (n-3 LC-PUFA), in particular EPA and DHA, have received much attention in the past few decades because of their health benefits which include improving heart disease related outcomes, contributing to infant development, decreasing tumour growth and metastasis, inhibiting inflammation, platelet aggregation, hypertension, and hyperlipidaemia, and favourably modifying insulin sensitivity (Anderson and Ma, 2009; Riediger et al., 2009) . Meanwhile, AA is indispensable for infant brain growth where it plays an important role in cell division and signaling (Katsuki and Okuda, 1995) . Furthermore, it is noteworthy that the GP containing 20:4, 20:5 and 22:6 reported in this study are definitely AA, EPA and DHA as no other 20:4, 20:5 and 22:6 isomers are known to exist in sea cucumbers (Table 1) .
Lipid class composition
The lipids from different body parts of Stichopus japonicus were composed of polar lipids, TAG, diacylglycerols (DAG), mono- PLs constitute an important and widespread class of biomolecules of which GPs are of particular interest. They are the major components of all living cell membranes and have important structural and health-related benefits such as improved memory and immune function, prevention of heart disease and certain cancers (Matthan et al., 2014; Mürke et al., 2016; Nicolson and Ash, 2017) . Our results showed that the by-products (spawns and intestines) of Stichopus japonicus contained higher PL but lower CHO content, indicating their potential application as functional food ingredients.
Phospholipid class composition
As shown in Table 3 , PC, PE, phosphatidylserine (PS), phosphatidylinositol (PI), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylserine (LPS), phosphatidylglycerol (PG) and sphingomyelin (SM) were present in lipids from sea cucumber. Among them, PC (38.34-65.56 mol%) was the primary lipid class, and PE (10.20-21.78 mol%) and PS (8.56-11.68 mol%) were secondary PL classes, while LPC (2.00-7.31 mol%) and LPE (3.03-6.01 mol%) were present in small proportions. However, PI (8.23-14.87 mol%), LPS (0.40-1.08 mol%), PG (0.84-3.33 mol%) and SM (1.74-4.18mol%) were just observed in spawns and intestines. In contrast to body wall, the spawns and intestines of Stichopus japonicus contained more classes of PL, as well as a lower content in PC but higher contents in almost all other PL classes (except for LPC). Actually, previous studies have also shown that PC (40.4-75.4% of the total PL), PE (11.5-34.2% of the total PL), PS (3.6-18.3% of the total PL) and PI (1.7-10.6% of the total PL) were the top four PL classes in sea cucumber Cucumaria frondosa japonica, Eupentacta fraudatrix, and Apostichopus japonicus (Kostetsky et al., 2012) .
Different types of PLs have varied nutritional value and health function. For example, PC is an essential part of human cell membrane and is important for healthy brain, heart, skeletal muscles, liver and metabolism (E Smith et al., 2016) ; PE is an abundant membrane PL that is essential for membrane integrity and cell division, and can be used to modify certain proteins (Calzada et al., 2016) ; PS, the major anionic PL class, is synthesized from PC or PE by exchanging the base head group with serine, and tends to improve nerve cell and brain memory function (Kim et al., 2014) ; PI is significant for a multiple of cellular functions including membrane trafficking, signal transduction, and cell growth (Picas et al., 2016) . The lipids from the spawns and intestines of Stichopus japonicus have diverse and relatively balanced PL class profiles, indicating their special potential application as functional food ingredients.
Characterization of glycerophospholipid molecular species
Glycerophospholipids with different head groups can be selectively detected by PIS and NLS scanning modes using triple quadrupole mass spectrometry due to the loss of head groups from the molecules in MS/MS (Peterson and Cummings, 2006) . In this study, a direct infusion MS/MS approach was used to characterize GP molecular species. PIS with m/z 184, and NLS with m/z 141, 185, and 260 in the positive ion mode were used to selectively detect GPCho/LGPCho, GPEtn/LGPEtn, GPSer/LGPSer and GPIns, respectively. As shown in Figure 1 , the candidate compounds for each class of the aforementioned GP showed visible first-stage MS signals in the PIS or NLS MS spectra. The measured m/z value agreed with the molecular ion ([M] + ) of GPCho/LGPCho, and the quasi-molecular ion ([M+H] + ) of GPEtn/LGPEtn, GPSer/LGPSer and GPIns, respectively. Therefore, the molecular mass of the unknown GP can be determined through the direct infusion MS/MS approach.
Common notation for a molecular species of GP follows the format x:y with x and y representing the number of carbons and Molecular species of glycerophospholipids of sea cucumber Zhou et al.
double bonds of FA in GP, respectively (Peterson et al., 2006) . In our previous studies, formulas were developed to deduce the x and y of an unknown GP or lysoglycerophospholipid (LGP) based on its measured molecular mass (Liu et al., 2017; Yin et al., 2016) .
LGP contains just one FA, which means the measured molecular mass is sufficient for characterization of its molecular species. As shown in Tables 1S, the molecular species of detected LGP such as
LGPCho in sea cucumber lipids were characterized according to their first stage MS data. For an unknown GP containing two FAs, first stage MS data is insufficient for characterization of the two FAs which are esterified at the sn-1 and sn-2 positions of the glycerol backbone, therefore, MS/MS data are needed. In this study, EPI scanning in the negative ion mode was used to acquire the MS/MS data of the unknown GP. As shown in Tables 2S, one or even two FAs of an unknown GP such as GPCho can be characterized based on the MS/MS data. As described above, the total number of carbons and double bonds of the two FAs of an unknown GP can be tentatively deduced based on its first-stage MS data. Therefore, with the information for the total number of carbons and double bonds of the two FAs, and the structural information of one FA, the structural information for another FA of GP can be easily deduced. Furthermore, an empirical rule that the sn-2 of GP is the preferred position for the more unsaturated FAs was used to determine the distribution of the two FAs in the glycerol backbone (Napolitano et al., 1992) . Through the above strategy, all detected GPCho, GPEtn, GPSer and GPIns were characterized based on their first-stage MS and MS/MS data.
Generally, approaches for structural characterization of plasmalogen (plasmenyl and plasmanyl) GP are more complex than that of non-plasmalogen GP. In most cases, the special FA fragments ([RCO] -) of vinyl ether x:(y−1) and alkyl ether x:y which liberated from the sn-1 position of the plasmenyl and plasmanyl GP have the same m/z. This means a plasmenyl GP x:(y−1) and a plasmanyl GP x:y may have the same first-stage MS and MS/MS data. Therefore, such a pair of possible structures could not be differentiated according to first-stage MS and MS/MS data. In this situation, a pair of possible structures including a plasmenyl GP x:(y−1) and a plasmanyl GP x:y corresponding to the same first-stage MS and MS/MS data were counted as one GP.
Glycerophospholipid molecular profile in different body parts of sea cucumber
As shown in Tables 4 and 3S (Table 5) . Lou et al. (2012) reported that PC and PE from body wall of Apostichopus japonicus contained a large percentage of PUFA (57.60 and 44.99% of total FAs, respectively), particularly EPA (27.90 and 16.30% of total FAs, respectively) and AA (7.10 and 14.62% of total FAs, respectively). In this study, the by-products (spawns and intestines) of Stichopus japonicus had a higher level of PL Figure 1 . Specific detection of glycerophospholipids in lipids recovered from different body parts of sea cucumber by using direct infusion mass spectrometric approaches. a-d, first-stage MS spectra of glycerophosphocholines/lysoglycerophosphocholines (GPCho/LGPCho), glycerophosphoethanolamines/ lysoglycerophosphoethanolamines (GPEtn/LGPEtn), glycerophosphoserines/lysoglycerophosphoserines (GPSer/LGPSer) and glycerophosphatidylinositols (GPIns), respectively. molecular species which contained 20:5 and 20:4 than body wall. Therefore, sea cucumber by-products might serve as a potential source of PL enriched EPA and AA.
Additionally, at least 33, 40 and 39 species of LGPCho, 20, 23 and 23 species of LGPEtn, and 7, 13 and 10 species of LGPSer were characterized for the first time in lipids recovered from body wall, spawns and intestines of sea cucumber, respectively (Table  4) . Among them, 18:1, 20:1, 20:5 and 22:6 were the predominant species of the aforementioned PL classes (Table 5) . By contrast, the by-product (spawns and intestines) of Stichopus japonicus had higher level of the LGPs molecular species than the body wall which contained 20:5 and 22:6.
In this study, some 200 species of GP belonging to classes of GPCho, GPEtn, GPSer, GPIns, LGPCho, LGPEtn and LGPSer were characterized in lipids recovered from different body parts of sea cucumber (Table 4) . Previously, Kostetsky et al. (2014) characterized 25 species of GPCho and 26 species of GPEtn from muscle tissue of sea cucumbers. Among them, the molecular species containing 18:0/20:5 and 18:1/20:5 were abundant in GPCho, while 18:0/20:5 and 18:0/20:4 were predominant species of GPEtn, which are consistent with our results.
The PUFA in the PL form have recently captured increasing attention due to their have high bioavailability (Cook et al., 2016) , high tissue-delivery capacity (Cansell, 2010; Rossmeisl et al., 2012) , and good health promoting effects (Ramprasath et al., 2013; Ulven et al., 2011) . Therefore, PUFA, especially EPA, AA and DHA in the PL form in Stichopus japonicus may account for much of its nutritional and healthy function. In particular, processing by-products of Stichopus japonicus might present a new source of PUFA in the PL form.
Conclusion
Freeze-dried body wall spawns and intestines of sea cucumber (Stichopus japonicus) contained 6.83, 16.12 and 8.42% lipids, respectively. The lipids contained higher levels of PUFA (25.35-45.12% of total FAs), especially EPA (8.57-23.12% of total FAs), DHA (3.35-5.87% of total FAs) and AA (7.82-11.97% of total FAs). These lipids were composed of polar lipid, TAG, DAG, MAG, FFA and CHO, among which polar lipids (65.55-85.95% of total lipids) were dominant while CHO (0.63-2.26%) were present in very small amounts. For PL, PC (38.34-65.56 mol%) was the major component. Some 200 GP species were characterized in Stichopus japonicus body wall, spawns and intestines. Results indicated that most of the dominant molecular species of GP contained EPA and AA. Therefore, lipids in sea cucumber may account for their nutritional and health beneficial effects. Meanwhile, considering the high level of PUFA enriched GP but low level of CHO, processing by-products (spawns and intestines) of sea cucumber Stichopus japonicus might have great potential as novel sources of health-promoting functional food ingredients. 
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